Abstract. MicroRNA (miRNA or miR) inhibition of oncogenic related pathways has been shown to be a promising therapeutic approach for cancer. SIRT1 might be a promoter factor on tumorigenesis of hepatocellular carcinoma (HCC). However, the mechanism is unknown. We investigated whether miRNAs regulate the SIRT1 and its downstream SREBP-lipogenesischolesterogenesis metabolic pathway in hepatoma cells. Human hepatoma cells were transfected with miR-449 mimics and inhibitors, and the effects of miR-449 on cell proliferation was assessed. We identified the miRNAs, miR-449, that control lipogenesis and cholesterogenesis in hepatoma cells by inhibiting SIRT1 and SREBP-1c expression and downregulating their targeted genes, including fatty acid synthase (FASN) and 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR). MiR-449 repressed DNA synthesis, mitotic entry and proliferation of hepatoma cells. Restoration of miR-449 led to suppression of SIRT1 expression and liver tumorigenesis. The newly identified miRNAs, miR-449 represents a novel targeting mechanism for HCC therapy.
Introduction
Hepatocellular carcinoma (HCC) is the fifth most common cancer worldwide and among the leading causes of cancer-related deaths. In the majority of cases, HCC develops as a result of chronic inflammation and cirrhosis caused by viral hepatitis B and C, ethanol or aflatoxins (1) . HCC is associated with a very poor prognosis (2) , because only a limited number of patients are eligible for potentially curative treatment options such as surgical resection followed by orthotopic liver transplantation. Therefore, there is an urgent need to develop effective therapeutic strategies for the large number of HCC patients with advanced disease.
For a long time, hepatocarcinogenesis has been considered to be the result of different genetic alterations that ultimately lead to malignant transformation (3) . Nowadays, cancer development is no longer thought to be induced only by genetic and genomic alterations, but also closely associated with lipid metabolism (4) . The studies of Karagozian et al indicate an adipogenic lifestyle alone is sufficient for the development of nonalcoholic steatohepatitis, hepatic stem cell activation and hepatocarcinogenesis in wild-type mice (5) . In recent years, metabolism is talked highly important in cancer research, especially the lipid metabolism. Researchers believe that the de novo fatty acid synthesis plays an important role in tumor development (6) . Sphingolipids, a family of membrane lipids, are bioactive molecules that participate in diverse functions controlling fundamental cellular processes such as cell division, differentiation and cell death (7) . Given that most of these cellular processes form the basis for several pathologies, it is not surprising that sphingolipids are key players in several pathological processes, such as diabetes, Alzheimer's disease and hepatocellular carcinoma (7) . miRNA regulation of gene expression plays a role in development, differentiation, proliferation and apoptosis (8) (9) (10) (11) (12) (13) . Expressions of miRNAs are abnormal in a variety of cancers and miRNA may play a role in tumorigenesis (14) (15) (16) (17) (18) (19) (20) (21) . Several miRNA have been identified that may act as tumor suppressor genes (22) (23) (24) (25) (26) (27) . The microRNAs 449 are potent inducers of cell death, cell cycle arrest and/or cell differentiation. They belong to the same family as the p53-responsive microRNAs miR-34. Instead of p53, however, the cell cycle regulatory transcription factor E2F1 MicroRNA-449 suppresses proliferation of hepatoma cell lines through blockade lipid metabolic pathway related to SIRT1
induces miR-449. All members of this microRNA family are capable of mediating cell cycle arrest and apoptosis and might thereby contribute to tumor suppression. Underlying mechanisms include the downregulation of histone acetyl transferases and consecutive activation of p53, but also the targeting of cyclin dependent kinases and their association partners. Thus, miR-34 and miR-449 provide an asymmetric feedback loop to balance E2F and p53 activities. More recently, it was discovered that miR-449 helps to ensure proper cell function but also to avoid cancer, marking a close link between cell differentiation and tumor suppression (28, 29) . We predicted SIRT1 as miR-449 target gene. Recent data suggest that SIRT1 may function as an oncogene and play a role in tumorigenesis (30) (31) (32) (33) . Because sterol regulatory element binding protein (SREBP)-1c is a transcription factor that controls the expression of genes related to fatty acid and triglyceride synthesis in tissues with high lipid synthesis rates such as adipose tissue and liver. Previous studies indicate that SIRT1 can regulate the expression and function of SREBP-1c in liver. Recent in vivo studies have suggested a crucial role for SIRT1 in regulating SREBP-1c expression and activity in liver. In vivo, SIRT1 activation decreased expression of SREBP-1c and SREBP-1c target genes (34) . Conversely, SIRT1 knockdown in liver induced the expression of SREBP-1c and its target genes encoding lipid-synthesizing enzymes (35) . Furthermore, SREBP-1c deacetylation by SIRT1 on Lys-289 and Lys-309 inhibits SREBP-1c activity by decreasing its stability and its association with lipogenic target genes (34) . Targeting the aberrant SREBP-lipogenesis-cholesterogenesis pathway related to SIRT1 may lead to new approaches to the treatment of HCC. MiR-449 might regulate cellular proliferation through a SIRT1-SREBP-1c pathway implicating energy metabolism; it will be revelatory for further study on the possible applications in clinical treatment for HCC.
Materials and methods
Culture cells. Human hepatoma cell lines HepG2 and Huh7 from ATCC (Manassas, VA, USA) were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Gibco-BRL Co. Ltd., USA) and 1% penicillin-streptomycin-neomycin (PSN) Antibiotic Mixture (Invitrogen, Carlsbad, CA, USA) at 37˚C in a humidified 5% CO 2 /95% air environment.
Reagents. Human miRNA precursors, miRNA inhibitors, antisense oligonucleotides or small interfering RNA (siRNA), TaqMan miRNA assay, mirVana TM miRNA isolation kit and Lipofectamine 2000 were purchased from Life Technologies (Invitrogen). CellTiter 96H Aqueous One Solution Cell Proliferation Assay (mitochondrial MTS assay).
Bioinformatics analysis of human SIRT1. The 3' untranslated region (3'-UTR) sequences were retrieved from the Entrez Nucleotide database (http://www.ncbi.nlm.nih.gov/nuccore). The potential miRNA targets within the conserved regions in 3'-UTR of SIRT1 were predicted by miRBase (www. mirbase.org/) (36) .
Treatments. The expression plasmid was pcDNA 4-SIRT1 (gifts from Leonard Guarente, USA). For transfection, cells in 12-well plates were transfected with the indicated plasmids (1 µg/well), miRNA mimics, antisense oligonucleotides or small interfering RNA (siRNA) at the indicated final concentrations in the culture medium using Lipofectamine 2000. After transfection for 72 h, cells were subsequently harvested for immunoblot analysis.
Quantitative real-time reverse transcription-polymerase chain reaction (qRT-PCR). Total RNA was prepared from cells using the RNeasy Mini kit (qiagen, Valencia, CA) and subjected to reverse transcription by SuperScriptH III reverse transcriptase (Life Technologies) according to the manufacturer's instructions. A hot start at 95˚C for 5 min was followed by 40 cycles at denaturation at 95˚C for 15 sec, annealing of the primers at 58˚C for 30 sec and elongation at 72˚C for 30 sec using ABI 7500 Fast Real-Time PCR System (Invitrogen). Data were normalized to 18S rRNA or GAPDH and represented as the average fold of three independent duplicates. To determine intrinsic miR-449 expression, miRNA was prepared from cells using the mirVana™ miRNA isolation kit (Invitrogen). Mature miRNA was quantified by the TaqMan miRNA assay (Invitrogen) in accordance with the manufacturer's instructions. The data were normalized by RNU6B.
Western blot analysis. Cell lysates were prepared from miR-449, NC (miR-negative control)-transfected or non-transfected cells using a lysis buffer [50 mM Tris (pH 8), 150 mM NaCl, 0.02% NaN 3 , 0.1% SDS, 1% NP-40 and 0.5% sodium deoxycholate] containing 1 mM phenylmethylsulfonyl fluoride and protease inhibitor cocktail (Roche Applied Science, Indianapolis, IN). Protein concentration was determined by Bradford assay using Coomassie Plus Protein Reagent (Thermo Scientific, Rockford, IL, USA). Western blot was performed using the Novex system (Invitrogen).
Primary antibodies anti-SIRT1, SREBP-1c, FASN, HMGCR and β-actin (Santa Cruz Biotechnology, Santa Cruz, CA), and secondary antibodies which were conjugated with horseradish peroxidase (GE Healthcare, Piscataway, NJ) were used. Detection of protein bands was done using Enhanced Chemiluminescence Western Blotting Detection Reagents.
BrdU labeling and mitotic index. BrdU labeling was used to evaluate DNA synthesis. After released from the second thymidine arrest at indicated time points, cells grown in 12-well plate were pulse labeled with BrdU (50 µM) for 30 min. After three washes of PBS, cells were fixed with 1 ml of Carnoy's fixative (3 parts methano 1:1 part glacial acetic acid) at -20˚C for 20 min, and followed by three washes of PBS. Subsequently, DNA was denatured by incubation of 2M HCL at 37˚C for 60 min, followed by three washes in borate buffer (0.1 M borate buffer, pH 8.5). After incubation with the blocking buffer, cells were stained with anti-BrdU antibody (BD Biosciences, 1:100) overnight at 4˚C. After washes in PBS, cells were incubated with Texas Red-conjugated anti-mouse goat IgG for 30 min at RT. After washes, cells were mounted and BrdU positive cells were manually scored under an immunofluorescence microscope.
Mitotic events were scored by time-lapse videomicroscopy and DNA staining. Cells were synchronized as described above. Real-time images were captured every 10 min with Openlab software. Mitotic events of control, cells were scored by their morphological change (from flat to round-up). For each experiment, at least 800 cells were videotaped, tracked and analyzed. Alternatively, nocodazole (100 ng/ml) was added into the medium after release, cells were collected, fixed and stained with DNA dye (Hoechst 33258). Mitotic cells were scored by nuclear morphology and DNA condensation.
Cell growth and proliferation assay. Cell growth was determined by the colorimetric tetrazolium derived XTT (sodium 3'-(1-(phenylaminocarbonyl)-3, 4-tetrazolium)-bis (4-methoxy-6-nitro) benzene sulfonic acid hydrate) assay (Roche Applied Science, Mannheim, Germany), and DNA synthesis of cells was assessed by the BrdU (bromodeoxyuridine) incorporation assay (Roche Applied Science). For the cell growth and proliferation assay, at 48 h after transfection of treatment, the cells of each group were re-seeded in 96-well plates at a density of 0.3-1x10 4 cells per well. After 48 h, XTT and incorporated BrdU were measured colorimetrically using a microtiter plate reader at a wavelength of 450 nm (37) .
Fatty acid and cholesterol quantification. The amounts of long chain fatty acids and cholesterols were determined using the Free Fatty Acid quantification Kit and Cholesterol/Cholesteryl Ester Detection Kit (Abcam, Cambridge, MA) in cells transfected with miR-449 or NC. The amounts of fatty acids and cholesterols were normalized by total cell numbers. The relative fatty acid or cholesterol (%) was assigned as 100% in NC cells.
Statistical analysis. Continuous normally distributed variables were represented graphically as mean ± standard deviation (SD). For statistical comparison of quantitative data between groups, analysis of variance (ANOVA) or t-test was performed. To determine differences between groups not normally distributed, medians were compared using Kruskal-Wallis ANOVA. χ 2 test was used when necessary for qualitative data. The degree of association between variables was assessed using Spearman's non-parametric correlation. All statistical analyses were carried out using SPSS software version 13.0 (SPSS Inc., Chicago, IL, USA). Probabilities of 0.05 or less were considered to be statistically significant.
Results

miR-449 inhibits mRNA expression of SIRT1, SREBP1-c and their downstream genes in hepatoma cells.
To investigate whether miRNAs regulate the SIRT1 and its downstream SREBP-lipogenesis-cholesterogenesis metabolic pathway in hepatoma cells, we first used DIANA microT v4.0 online software (http://diana.cslab.ece.ntua.gr/) to predict if one or more miRNAs target SIRT1, the key factor that regulate fatty acid, lipid and cholesterol biosynthesis and homeostasis. The miR-449 was retrieved that potentially co-targeted 3'-UTRs of SIRT1 mRNAs. To further verify if miR-449 directly binds with 3'-UTRs of SIRT1, we performed 3'-UTR luciferase reporter assay and found that the relative 3'-UTR luciferase activities of SIRT1 were significantly decreased in miR-449 transfected hepatoma cells HepG2 and Huh7 (Fig. 1A and B) . The results confirm that SIRT1 mRNAs are direct targets of miR-449. To validate whether the miRNAs control the SREBP-lipogenesis-cholesterogenesis pathway in hepatoma cells, we performed qRT-PCR quantification analyses. The miR-449 inhibited the mRNA expression of SIRT1 in HepG2 and Huh7 hepatoma cell lines, respectively. Expression of SREBP, FASN and HMGCR, which are downstream regulated genes of SIRT1, was decreased in mRNA levels of HepG2 and Huh7 cells (Fig. 1C and D) by miR-449, and could be upregulated by inhibitors of miR-449 (Fig. 2) . The protein level of SIRT1, SREBP-1c, FASN and HMGCR was inhibited also by miR-449 in HepG2 (Fig. 3A) and Huh7 (Fig. 3B) , similarly to treatment with SIRT1 siRNA (Fig. 3C  and D ), but were upregulated by inhibitors of miR-449 or overexpression of SIRT1 (Fig. 3) .
Because SREBP1c, FASN and HMGCR are important enzymes for de novo synthesis of fatty acid and cholesterol individually (34), we subsequently examined the levels of fatty acid and cholesterol in cells. As shown in Fig. 4 , the amounts of intracellular fatty acid and cholesterol were significantly decreased in miR-449-transfected HepG2 (Fig. 4A) and Huh7 (Fig. 4B ) cells compared with the control groups. To further test the specificity of miR-449 for SREBP-lipogenesis-cholesterogenesis, antisense oligonucleotides against miR-449 were used as miR-449 inhibitors. By blocking endogenous miR-449 in hepatoma cells, the amounts of intracellular fatty acid and cholesterol were upregulated by inhibitors of miR-449 similarly to cells treated with overexpression of SIRT1 ( Fig. 4A and B) . These results suggested that miR-449 inhibitors increased SIRT1, SREBP-1c and their downstream gene expression, and miR-449 could inhibit SIRT1-SREBP signaling through reduction expression of SIRT1 and decreased the levels of fatty acid and cholesterol in hepatoma cells.
miR-449 suppresses DNA synthesis and mitotic entry in hepatoma cells.
Cells were synchronized at the G1/S boundary by double thymidine block, and then released into mitosis. After 24 h, BrdU was added into the medium at indicated time points to evaluate DNA synthesis. As shown in Fig. 5A and B, incorporation of BrdU into the control, accumulation of mitotic HepG2 and Huh7 cells was significantly delayed in miR-449-treated cells in each point. In contrast, accumulation of mitotic HepG2 or Huh7 cells was significantly promoted at every time point by inhibitors of miR-449.
To further examine the specific effect of the overexpression of miR-449 on mitotic entry, we repeated this experiment and evaluated the mitotic entry. Overexpression miR-449 significantly delayed mitotic entry of HepG2 or Huh7 cells (Fig. 6A  and B) . In contrast, mitotic entry of HepG2 or Huh7 cells was significantly promoted in miR-449-treated cells at each point ( Fig. 6A and B) .
miR-449 restrains cell proliferation in hepatoma cells.
To assess the potential for biological consequences elicited by miR-449 by XTT assays, we used mimics of miR-449 in HepG2 and Huh7 cells and performed a series of functional assays relevant to tumorigenicity and cancer progression. When HepG2 (Fig. 7A) and Huh7 (Fig. 7B ) cells were transfected with miR-449, proliferation of both cell types was inhibited in comparison with miR-NC cells. Conversely, by blocking miR-449 in hepatoma cells, miR-449 inhibitors increased cell proliferation (Fig. 7A and B) . These data suggest that miR-449 suppresses the pathways relevant to tumorigenicity and cancer progression. 
Discussion
Sterol regulatory element-binding protein (SREBP) is a basic helix-loop-helix leucine zipper transcription factor with important metabolic roles in lipogenesis and cholestero genesis (38) (39) (40) . Three major SREBP isoforms have been identified, SREBP-1a, SREBP-1c and SREBP-2 (41). SREBP-1 controls genes involved in fatty acid, lipid and cholesterol biosynthesis (42), whereas SREBP-2 more specifically regulates cholesterol metabolism and homeostasis (45) . Dysregulation of SREBPs and their downstream targeted genes associated with lipogenesis and cholesterogenesis has been implicated in cancer. Examples include fatty acid synthase (FASN), a metabolic oncogene (44,45), and 3-hydroxy-3-methylglutaryl CoA reductase (HMGCR), the rate-limiting step in cholesterol biosynthesis; both proteins have been reported to be involved in the development and progression of cancer (44, [46] [47] [48] [49] . Targeting the aberrant SREBP-lipogenesis-cholesterogenesis pathway may lead to new approaches to the treatment of cancer. Altered lipid metabolism has been recently linked to HCC pathogenesis.
Upregulation of lipogenesis and cholesterogenesis in cancer cells is associated with increased need for cell membrane components and activation of lipid raft-related intercellular signaling transduction during uncontrolled cell proliferation and division as well as cancer development and progression (50-53). Blockade of abnormal lipogenesis and cholesterogenesis provides a promising therapeutic approach for prevention or treatment of prostatic malignancy. MiRNA has been reported to regulate multiple important biological processes including metabolism (54, 55) and is of potential use in cancer therapy (56) (57) (58) . However, how miRNA mediates aberrant fat metabolism and homeostasis in hepatoma cells remains unclear. In this study, we identified one miRNAs that play an important role in the regulation of lipogenesis and cholesterogenesis in hepatoma cells. MiR-449 inhibited fatty acid and cholesterol biosynthesis through downregulation of SIRT1 and key lipogenic or cholesterogenic transcription factors, SREBP-1c, and their downstream regulated genes including FASN and HMGCR.
SIRT1 also regulates metabolism and modulates metabolic diseases such as diabetes. Cellular studies showed that SIRT1 modulates fat accumulation, regulates mitochondrial biogenesis and activates fatty acid oxidation (59) . Despite extensive studies for several decades, the role of SIRT1 in human cancer remains controversial. Increased SIRT1 expression has been found to reduce tumor formation in a mouse model of colon tumor (60, 61) , whereas SIRT1 mutant mice have exhibited increased DNA instability and are more susceptible to tumor development (62) . Reduced levels of SIRT1 mRNA and proteins are observed in breast tumors when compared with normal tissue (62) . Intriguingly, however, SIRT1 overexpression is found in prostate (63) , ovarian (64) , gastric (65) and colorectal cancers (66) , suggesting a role in tumorigenesis. Therefore, the function of SIRT1 may be tumor-type specific and also depend on the stage of tumorigenesis being assessed. In liver cancer, especially in HCC, Wang et al (62) used pooled microarray data from HCC samples to suggest that SIRT1 mRNA is expressed at comparable levels in both malignant and benign tissues. They further concluded that SIRT1 protein expression is reduced in HCC on the basis of one paired HCC specimen (61) . In contrast, Chen et al (67) have demonstrated that SIRT1 protein was overexpressed by a post-transcriptional mechanism in a subset of HCC. They have also shown that SIRT1 expression is low in normal and premalignant livers, and its overexpression is closely associated with poorly differentiated histology (67) . In agreement with the results of Bae et al, their study confirmed that SIRT1 protein was overexpressed in a subset of patients with HCC, whereas SIRT1 mRNA levels did not differ between HCC and non-tumoral tissues in a large cohort of HCC patients. Furthermore, they demonstrated that SIRT1 inactivation suppressed in vitro cell growth and proliferation of liver cancer cells. Many previous reports have suggested that histone deacetylase (HDAC)-mediated gene suppression can cause uncontrolled cell growth because HDACs repress the transcription of cyclin-dependent kinase inhibitors, allowing continued cellular proliferation (68, 69) . These results clearly support the suggestion of oncogenic SIRT1 in hepatocellular malignant proliferation and transformation. However, regulation of SIRT1 activity or expression leading to oncogenic SIRT1 overexpression has not been reported yet.
Recent studies have suggested that SIRT1 expression is regulated by miRNAs in various tissues, and miRNAs regulating SIRT1 are involved in many cellular pathways, including embryonic stem cell differentiation, apoptosis, senescence and hypoxia. These findings led us to hypothesize that SIRT1 overexpression at the post-transcriptional level may be induced by the loss or suppression of a miRNA that selectively targets SIRT1. The induction of SIRT1 protein by Dicer knockdown helped us to identify endogenous miRNAs that blocked SIRT1 mRNA translation in HCC cells. In HCC cells, upregulation of HDAC1-3 reduces expression of miR-449. MiR-449 binds c-MET mRNA to reduce its levels, promoting apoptosis and reducing proliferation of liver cells. Expression of miR-449 slows growth of HCC xenograft tumors in mice; this miR might function as a tumor suppressor (70) .
We have predicted SIRT1 as miR-449 target gene. SIRT1 could regulate SREBP-1c expression and activity in liver. SREBP-1 and FASN have been shown to be a potentially oncogenic transcription factor (71) and a metabolic oncogene (72, 73) , respectively. By integrative analyses, Li et al not only identified the miRNA predictors of survival, but also analysed the functional roles of miRNAs in the context of hepatoma progression. In conclusion, systematic analysis of the miRNA-mRNA regulatory network (FMRN) provides new insights into post-transcriptional gene regulation in the progression of hepatoma (74) . The authors focused on the identification of the miRNA signatures associated with the hepatoma progression by considering their topological central roles in the FMRN. Similarly, the 'in-degree' for genes measured their central roles in the FMRN. By computing the correlation between in-degree of gene in the FMRN and the negative log-transformed P-value of survival analysis, in-degree is significantly positively associated with the power for survival analysis. These results suggest that the in-degree may be a good indicator for identifying the genes involved in the progression of hepatomas, extending the application of the integrative method.
We confirmed that SIRT1 mRNAs are direct targets of miR-449. The miR-449 inhibited the expression of SIRT1, SREBP-1c and their downstream gene FASN, HMGCR in HepG2 and Huh7 hepatoma cell lines, respectively. Our study suggested that miR-449 could inhibit SIRT1-SREBP signaling and DNA synthesis, mitotic entry, cell proliferation through reduction expression of SIRT1 and decreased the levels of fatty acid and cholesterol in hepatoma cells.
In summary, our study demonstrates for the first time that MiR-449 inhibits the expression of SIRT1 and SREBP-1c as well as their downstream regulated genes, and re-programs lipogenesis and cholesterogenesis in hepatoma cells. MiR-449 suppresses tumorigenicity and cell proliferation, which suggests that MiR-449 play a tumor-suppressive role in hepatoma. Collectively, miR-449 directly or indirectly regulates a cohort of genes with significant biological roles in lipid and cholesterol anabolism and homeostasis, cell proliferation and progression in hepatoma cells. The small non-coding RNA therefore provides potential therapeutic agents for treatment of hepatoma malignancy.
